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tions that differ from other studies. Yet, most of the QTL 
regions detected for growth traits overlapped with pre-
viously published QTL, which suggests that these QTL 
have an effect across a range of environmental conditions 
and could be particularly useful for selection. Several 
genome-wide QTL were detected for BW00, a trait that is 
strongly influenced by maternal effects. Since data on egg 
weight of the F1 dams were not available at the time of 
reproduction, this effect could not be separated from the 
additive dam effect on chick weight.
Surprisingly, no genome-wide significant QTL effects 
were detected on comb area, a trait that is likely relevant 
for climate adaptation and that differed significantly 
between the parental lines. Because of the large sexual 
dimorphism of this trait, we analyzed the data from F2 
males and females separately to search for sex-specific 
QTL but none were detected. This may be explained by 
measurement errors, which can be quite important for 
both sexes, or by the rather large number of QTL that 
control variation of this trait, each with a small effect. 
None of the regions previously described for comb mass 
[4] were identified in the current study, which could be 
due to the use of lines with different genetic backgrounds 
in the current study.
Very little overlap was observed between the QTL 
regions detected by QTLMap and GEMMA. The differ-
ences between GWAS and QTL mapping-LDLA may be 
due to GWAS detecting associations based on LD across 
the F2 population, whereas QTL mapping-LDLA also 
exploits the information provided by within-family segre-
gation, in order to estimate SNP effects on the trait vari-
ation. Legarra et  al. [50] compared LDLA and EMMA 
methods (such as GEMMA) using real and simulated 
datasets and showed good agreement for the location of 
QTL between them. In general, these datasets consisted 
in a large number of small families, except for the sheep 
dataset, in which five F1 sires were mated to a large num-
ber of F1 dams, so that the number of half-sib families 
was similar to the design in the current study but the pro-
portion of full-sibs was much lower in the sheep dataset. 
In our case, differences between the GWAS and LDLA 
results could be due to the fact that within-family segre-
gation provides the most relevant information for QTL 
detection.
Although GEMMA and QTLMap identified the 
same QTL region on GGAZ, with strong effects on 
body weight and shank length, it was significant only in 
females with GEMMA, while QTLMap offered the pos-
sibility to include an interaction between sex and QTL. 
Such detection of sex-specific QTL is not new and they 
could contribute to our results, but in the present case, 
this result could also be due to the segregation mode of 
Z-linked alleles according to sex. In females, only two 
alleles are compared since females are hemizygous, so 
this is a 1:1 comparison of an R-  allele to an L2 allele, 
whereas in males the within-family comparison will differ 
according to mating type. When F1 females have inher-
ited their Z chromosome from an L2 F0 female (named 
 ZL2), the F2 male progeny can have two possible geno-
types: homozygous  ZL2ZL2 or heterozygous  ZL2ZR-, with 
some recombination occurring on the Z chromosome 
inherited from the F1 male. When F1 females inherit 
their Z chromosome from an R- F0 female (named  ZR-), 
the F2 male progeny scan have two possible genotypes: 
homozygous  ZR–ZR- or heterozygous  ZL2ZR-, with recom-
bination occurring on the Z chromosome inherited from 
the F1 male. Thus, if the QTL effect is not additive, the 
different F2 families will not provide the same contribu-
tion to estimation of the QTL, which may result in the 
absence of a significant association. Thus, GWAS involv-
ing sex-linked inheritance may require specific analysis.
Relevant candidate genes were identified in this study, 
according to their position and function. Most of them 
belong to networks of genes that are involved in embry-
onic, organism and tissue development, according to 
Ingenuity Pathway Analysis (IPA) [51]. The sequence data 
available from previous studies provided a list of SNPs 
that represents only a subset of all SNPs that can differ 
between the lines. Some of the alleles at these SNPs are 
expected to be line-specific as a result of the long selec-
tion history of each line and the genetic distance between 
the lines. Since line-specific alleles may arise because of 
selection response or because of random drift, follow-
up studies are necessary to validate whether or not these 
SNPs contribute to the QTL effect. Since missense muta-
tions are rare, they could be the first choice for validation 
analyses, but it is also expected than non-coding variants 
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can be quite relevant for quantitative variation. Thus, the 
choice of SNPs to be validated will be made according to 
their position on the gene, heterozygosity in the F1 popu-
lation, and technical factors depending on the genotyping 
method.
For instance, PTGER4, a candidate gene for the 
growth QTL on GGAZ, has no known function in 
chicken but plays an important role in osteoclast dif-
ferentiation and physiology in mice [52–54]. Although 
the role of this gene is not well known in chickens, it 
is a good candidate for further analysis, starting with 
the genotyping of F1 and F2 animals for SNPs chosen 
from the sequence data, followed by expression studies 
in each parental line if a significant effect on growth is 
identified in the F2 animals. Furthermore, genotyping 
candidate SNPs in the F2 population would also help to 
understand the different results obtained for F2 males 
and females. An obvious candidate gene to be tested for 
the QTL on GGAZ is the growth hormone receptor gene, 
which is known to carry mutations that cause sex-linked 
dwarfism in chickens. This gene lies close to the QTL 
region but not in it, so it may be worthwhile to include 
it in a confirmation study.
Our findings can also be useful for the future man-
agement of the L2 and R-  lines. The frequency and the 
phenotypic consequences of the validated SNPs should 
be determined in the current breeding populations of 
the L2 and R- lines, to investigate their potential use in 
the management of these lines. Depending on their fre-
quency and effect, some of these SNPs could be useful 
in the selection process for sub-tropical climate adap-
tation. Another option would be to set up a dual-pur-
pose cross, taking advantage of the sex-linked QTL on 
growth. For instance, R-  males could be crossed to L2 
females to take advantage of heterosis in hybrids by pro-
ducing light weight F1 females for egg production and 
F1 males with a greater body weight for local broiler 
production.
Conclusions
We have identified QTL for growth and morphological 
traits that may influence adaptation of chickens to vary-
ing environmental conditions. The availability of whole-
genome sequence data for each parental line was useful 
to better document the candidate genes that were iden-
tified according to their positions and known functions. 
Finally, the very strong QTL effects found on the Z chro-
mosome for body weight and shank length underlines the 
importance of sex-linked inheritance for growth-related 
traits in chickens, which is particularly relevant for cross-
breeding in poultry breeding programs.
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